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Abstract Joy 1%
' Recent measurements of nuclear level parameters are used

to make more accurate calculations of the thermonuclear reaction

rates for the following reactions:

1) 3He4 - Clz
2) C12 + He4 - 016 + Y
3) 3+ gt~ 0% 4n
RN
. #18 4y :_
4) N4+ med
59 N5 + Hed ~ F1? 4y

6) 016 + He4 - Nezo + Y

The rates are calculated for temperatures up to T = 50 x 10° °k.
4 JT HOR

I. Introduction and Summary

Helium burning is an important stage in stellar evolution.

4

Pure Helium burning (3He = c12) ang to a lesser extent the

2
subsequent reactions Clz(a,Y)OIG, and OIG(Q,Y)Ne 0 are expected
to become the source of energy generation when the stellar core

reaches temperatures of T =1 - 3 x 10° ° . These reactions also

16 24 28

serve to synthesize Clz, 07" and possibly Ne20, Mg©", Si“", etc.

Recent measurements of the decay widths of the second

12 now enable us to obtain an expression for

c12

excited state of C
the rate of 3I-ie4 - which is accurate to better than a factor

two over the temperature range 0.85 x 10°°K to 10 %.10°°K. At higher



temperatures the rate of pure Helium burning is still of con-
siderable interest for the study of supernovae processes (Hoyle _
and Fowler, 1960) . We can now estimate this high temperature
rate with improved accuracy as a result of a recent determination
of the spin of the third excited state of Clz.

Calculation of the thermonuclear reaction rates for the
reactions Clz(a,y)o16 and Ols(a,y)Nezo have been made previ-
ously. Salpeter\il957), Cameron (1959a,b,c), 'Reeves and Salpeter
(1959), and Hayashi, Nishida, Ohyama and Tsuda (1959). More
recent measurements have been made of level parameters for
.excited states in the nuclei 016 and Ne20 which narrow down
existing uncertainties in the rates at T > 2 x 10° °K. Such
a procedure is at least in the right direction for obtaining a
better estimate of the rate in tﬁe region 1 - 2 x 10* °K which
depends on the properties of the excited states in the nucle:

O16 and Nezo'hardly accessible to investigation by experiment.

The helium burning‘reaction C13(a,n)016 is of great importance.
The rate for this reaction has been previously calculated for

T < 3x108 oK by several authors (Cameron 1955, 1957 and 1959a) ;
Marion aﬂd Fowler (1957); and Salpeter (1955). Calculations

which extend the rate to higher temperatures have been made by

Reeves and Salpeter (1959) and Hayakawa, Hayashi, and Nishida

(1960) ; however, the two results differed by a large factor.

i
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In this paper we will glve th2 results of a detailed study of
the reactlon Cl3(d n)O16 made by Thibaudeau (1962) over the
broad range of temperature 0.2 x 108 ¢ 7 < 50 x 108 °K in which
he has succeeded in~narrowing down the uncertainty in the rate
to about a factor 5.2 The.most.recent experimental data has been
qsed.*

Rates have aleb been calculated over the same.temperature
range for reactions arising from the collisions of He4 with N14
and N15;

At T < 20 x 108 ok, the N4 + He? system can be resonant
through the 4.651 state, and consequently the rate is 10 times
- larger than the rate quoted in Burbidge, Burbidge, Fowler and
Hoyle (1957). The rate at T > 20 x 108 ©K obtained here for
N4 + ne? is probably accurate to better than'a factor five.
This reaction may act as a trigger for the Helium burning flash
(Cameron 1959¢).

In each case, we give the ratio of the reaction rate to

4

the rate of the reaction 3He?*— Cl2 at the same temperature.

This ratio is relatively insensitive to any screening effects.

*A more recent analysis by Caughlan (private communication) has

been incorporated here.

(R4 TN



II Method of Calculation

For calculating the thermonuclear reaction rates we
use the formalism developed by Salpeter (1957) as modified
by Reeves and Salpeter (1959) for the higher temperatures

considered.
The quantify which we are interested in obtaining is
. p{DXd for which\p is the probability per nucleus of type 2
of a reaction with nucleus of type 1l in a gas with density
L and fractional concentration by mass of alpha particles:'X«i
The gas is assumed to be in equilibrium at temperature T which

8 O.

we will always measure in units of 10

The “"resonant contribution" to p from a given level in
the compound nucleus is determined by the integrated resonance
strength:

:&&{9&-% w{sm"er of I?L or réu.t} : (1) -

In this expression,[ﬂouﬁ is the particle Qidth of the exit
channel and must be considered separately depending on whether
the emitted particle is a photon, proton‘or neutron. f} is
the alpha particle width'at resonance. If we denpte by E.

the alpha particle resonance energy then we can write

Q= ?exp(zrrn-&d‘:) | | (2)




where
2w, = 0.989 2,%, (M/EN™ (3)
and d=0.122 (mg‘ )"‘
L, 'k,

In equation (2), 7 is a constant which includes the Coulomb
and orbital angular momentum barrier penetration effects but is
almost independe;t of Er.' This approximaﬁion,to (@ is expecfed
to be valid when E. is much less than the Coulomd barrier. For
all of the reactions studied in this paper this condition is
well satisfied. In particular at th= highest températures

(T ~ 50 x lO8

°K) where Er becomes comparable with the Coulomb
barrier it was not necessary to use approximation (2) because
either an experimental value of iz was available or [q > [ou«
At the lower range of temperature (T << 50 x lO8 OK),
there is in‘additiqn a "non resonant contribution" to p which

is completely d=termined by the low energy cross section factor

S'. We write this as

Spw = N o
™ (BIeT)= E+ [ 2/4 ()
In many cases the term (’2/4 can be n=glected. The

denominator is the familiar Breit-Wigner resonance denominator

corresponding to an optimum bombarding energy at temperature T.



The numerator is temperature independent and may be written as

‘i N. 2 Q]%ﬂ wy rout (5)

For those levels in which the non resonant contribution
was dominant, it was necessary either to extract ¥ from measured
! !,,F,‘,‘,\Ov;»—w;!u.‘ - '

values of the alpha width at resonance USihg equation (2) or

to estimate 7 th§oretically. For this purpose we write it as
7= gf:,-* | (6)
The first factor §f‘ is of the form
= (G*/6,°) age* _ (7a)

where g = 0.2635 [2;2,MR] 1/2

The values of Goz/GI?

Coulomb wave function for orbital quantum number £ may be

in which Gi’is the irregular

obtained with the help of recursion relations given in Feshbach,
Shapiro and Weisskopf (1953) or with the aid of graphs of the
COglomb functions given by Sharp, Gove and Paul (1955).

The second factor ?* is the reduced width oi the level

in energy units. We can write it as

‘\. (7p)



2
in which 0 < ea < 1. Usually it is possible to estimate

2 .
8, from available measurements of [y for neighboring levels.



IITI Nuclear Reaction Rates

For each reaction we first illustrate the situation by
plotting the position and width of the Gamow peak at various
temperatures on the diagram of excited levels in the compound
nucleus. Such diag;aﬁs show immediately which levels will
contribute significantly t§ the rate at any temperature. We
then give tables and a discussion of the nuclear level para{
meters, pointing out in particular the imprerments in our
knowledge of these parameters. For each level which might
contribute to the nonresonant rate, we tabulate values of
X and Spy. Such a procedure will allow rapid recalculation
of the rates if new data becomes available in the guture.

We have used the most recéent set of Q values and mass

differences (Everling, Koenig, Mattauch and Wapstra 1960).

(a) Rate of the 3&=>C"™ reaction.

The situation is descrdbed in Fig. 1, and Fig, 2.

For the resonance energy Er (E, = E¥ = 34 ) of the second

*
excited state in C12 ., we use Er = 375 Kev. This value is

chosen to be in the range 372 ¥ 4 Kev determined by the

o

[~y J
SI

\e
I »
at the same time it gives an excitation of 7.650 Mev for the

second excited state of C12

which is within the range 7.656
% 0.007 Mev quoted by Ajzenberg-Selove and Lauritgen (1959).

A large amount of theoretical and experimental work
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has been done to establish the nuclear parameters of the
7.65 Mev state.

The spin and parity of the 7.65 Mev state of cle
are almost certainty O+ (Cook, Fowler, Lauritzen and
Lauritaen 1957; Alburger 1960; Ajzenterg-Selove and
Stelson 1960). This means that in addition to a possible
alpha decay back to «+Be® from whence this level was
formed, a tranéition to the 0+ ground state can occur
elther by emission of an electron-positron pair or by a
gamma ray cascade through the 2+ first excited state
consisting of two electric quadrupole transitions in
sequence. The rate of the 3a~C'* reaction is then

proportional to the quantity:

[ad = fot + I3

(8)
where [l+ and [j are respectively the widths for pair

and gamma decay. We will show that (3 /[er A2 50 so that

r‘;hd e r‘;
(9)

Since no direct experimental determination of [k
has yet been made, it must be deduced indirectly from
measurements of ratios.of the widths.

The ratio of the palr width to the total width
(r- ELJ'*IL ) is determined by a combinatlon of two
experimehts (Alburger 1960; Ajzenberg-Selove and Stelson
1960) These yield
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.r;x /T =~ (6.6%+2.2)x10°°

( 10 )
The ratio of the gamma width to the total width has

been measured by two'independent experiments. Alburger

(1961) gives:
G/ = (33+09)x107%

(11)
A more precise value has recently been obtained (Seeger

1963; Seeger and Karanagh 1963):

(s /7= (2.32 +0.29)x 1077

(12)
We will adopt

4

[/ =(3.0t03)xr0"

(13)
All of the experimental information 1s then embodled

in the single ratio
B let=45+16

' (14)
According to the theory of Oppenheimer and Schwinger

(1939) and Dalitz (1951), the width for pair emission in a
0+ 0+ transition can be related to & matrix element (M.E.)

for this process by:

- (o) Kl el

135w (15)
where K« ?/fvc,
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and 7 i1s the energy released in the transition. The value
of M.E. can be extracted from measured cross sections for
elastic and inelastic scattering of electrons leading to
the 7.65 Mev state (Schiff 1954, 1955).

From the electﬁon scattering experliments of Fregeau

and Hofstader (1955), Schiff obtained the value

M.E =39x 10" cm?

| (16)
Later Fregeau (1956) carried out the same type of analysis

“on his own data and got
M.E.=(521.2)x 10" *“cm*

(17)
Walecka (1962) has analyzed the data of Fregeau and

Hofstader using a.model in which the €12 nucleus is explicitly
represented by an oscillating incompressible liquid drop.
This model predicts a value

M.E.= 4.2 x10"%cm?

(18)
. this value, being model dependent, is less reliable than (i),

With Fregeaus M.E. We get

T;,* = (5.5 + 3)x 10" % ev. and from (7) (19)
= (2.5=1.6)xi0 % ey,
' £20)
This value of the 3.23 E2 gamma radiation widih for ¢!
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is close to a theoretical single particle estimate made by
Ferrell (1957). His result was l; = 1.4)(10'5 ev with an
uncertainty of a factor two.

The total width may be obtained from either (10) and

(19) or from (13) and (20)

P- 2.3 * 5.3ev.

: (21)
We can also obtain an estimate of " independent of

any uncertainty in [:; or rei , since by equations (10)

and (13) we have

~

Ml

(22)
An upper limit to the alpha particle widthlg is given

by the so called Wigner limit (Blatt and Weisskopf 1952).

For s-wave alpha particles the Wigner limit depends only

on the. assumed interaction radius R for the a+'8e,9 systen..

Taking the usual recipe K=y (A.I/3+A;Zs.) fe. We £find

that a choice v =[.5 0.4 or R = 5.4 : 0.7 gives
P

' (23)

Equations (21), (22) and (23) indicate that [y is equal

to the Wigﬂer limit and that R = 5.4.

There is now strong evidence for an assignment of
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Jn=3~ for the 9.63 Mev level of C'2 (Bradford 1961 and
carlson 1961). We know also that the alpha width has the
value E= 30+£% kev (Douglass 1956); however, the rad~
iation width is unknown. The most likely mode of radiative
decay would be by cas.cade_through the 2+ first excited state.
If the width had an average value for uninhibited El trans-
itions 1-5'7=.'?..5 6\) (Carl'son 1961); however, this transition
would be of the form O = 0 in isotopic spin, so that
selection rules will probably reduce the width by an order
of magnitude. A calculation of [; has been quoted (Hoyle
and Fowler 1960) which shows that an admixture of 4% of
the T =.1 level at 17.63 Mev will reduce [} to 0.0l ev.

We choose G = 0.03¢v with an un;:ertainty of about a factor
10 either way.

We have summarized the nuclear parameters for the
reaction d.+’66?—)cm""? in table I.

Methods for obtaining the resonant rate have been
discussed by Salpeter (1957). The mean rate of destruction
of He? per alpha particle per second (denoted by F‘* ) is

given by:

vd
2, 2.37x10 MGy + Tte CS0NE/T L, K
E/(e&ﬂ @ T3 < dewv ))&/0 see am)
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For the 7.65 Mev level, w=] and the new experimental

values give

592 x 1077 —13.9/T-
Bl loxa) < 2L 4o~12 9T

3
Tg
. (25)
Combining the uncertainty in 537 with the uncertainty in
E., we find that this resonance rate should be correct

within a factor two all through the range 1< Ty« 5o,

For the 9.63 level we get in a similar fashion

'a/(e)‘a}Z: éX_I{g.-s ' X /o—//q.O/Té'
8

(26)
with a possible error of a factor of ten either way.

The relative importance of the nonresonant rate is

measured by the ratio G/ §_ where €, and @, are res-

nr
pectively the rates per pair of collisions between d and
Be8. Using :an alpha width for each level of the form
Q(E>=’)’x/0(~5'6(2/ré——0'37w) we get the values given in
table II. It is found that the nonresonant rate from both
levels is negligible for 0.85 < T<50. Below T % 0.7 the
nonresonant rate from the 7.65 level dominates the rate.

The resultant rate. ‘for 3u->C12

is tabulated as pa/(exd)2
without screening in table III. The actual rate with

corrections for electron screening included is pliotted

. . 4 . .
as Pz at various densities of He in Fig.3.
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Enerqgy Production

12

Each reaction 3¢—> C releases an amount Q = 7.275

Mev of energy. The rate of energy goc.wration is
: 7
e =584x/0 deq

In the range O.85<g§§b

4Hoxlo® 18T
= Lf";—'— X (e//os')a'x /0 3arg/gm.seC.
'b‘\ i (27)
At 2 £ 0.7 ;
¢ 3.9 4 74 /T_ i3 ~22.05/T. 1
€= X¢3 (9/105)33 x/O2 ’x 10 7 /37: /Gx /10 /% erg/qm,,sec.,
(28)

S‘ = 2.4 xio~ ‘/)’_p./g-%’/‘-‘_. 0.28]
where 8' is given for the 7.65 level in table II.
Salpeter has defined a useful parameter n by the
equation

€=€o (T'/—/;, )" when T is near Tg.

We find for 0.85 < Tg<'50

(29)
For 0.6 < Ty < 0.85, the value of n must be computed using

for ® the sum of the resonant and nonresonant rates as
given by equations (27) and (28), respectively.
The preceding equations do not contain corrections

for electron screening. To include this, we have added a
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scale to Fig. 3 from whiché/x;may be read directly for
various assumptiops of pxq - In table V we have tabulated
n and included the modification to equation (29).due to
screening at various densities,
b) Rate of the reaction Clz(d‘q') olé

As can be seen from Fig 4, there are three levels
which give thé\main contribution to the rate. (See also
table VI). |

The 7.12 Mev level lies below the sum of the masses
of C12 + @ and makes a nonresonant contribution which
dominates the rate at Tb( 10. We use the recently measured
value [} = 6.6 x 10”2 ev with an uncertainty of about 30%
(Swann and Metzger 1957; Reibel and Mann 1960). The alpha
width can be written as (4 (F) = 76-10.5‘3/6”’—0.73‘76
with 7= 39' 9: o . The factor g;“ depends
mainly on the radius R. Following Salpeter we take R = 5,27
and get E;‘= 4.9 x 106; the uncertainty in R is not
more than 10%, which introduces an uncertainty of a factor
of about two in E;“. The factor ¢, is the Wigner upper
limit to the reduced width in energy units,w = 0.74 Mev.
Finally Q: is an unknown nuclear parameter which measures

12

the overlap of the 7.12 Mev state with the system C +a.

This quantity may be estimated statistically from the




-

- "'17"'

spectrum of values of (%ffor the levels at slightly higher
energy. From a table given by Roth and Wildermuth (1960)
we find that &; is distributed between 0.001 and 1 for all
levels with X € 12.5. There is some theoretical reason
(quoted in Cameroh 1958) to believe that this state should
have a rather large alpha'particle width. We shall take
04> =0.1 with an error of about a factor ten either way.
This may be compared with Salpeter's choice of &' = 0.07fi

The nonresonant rate is given by

-30.05/% -

P pXe = Sx LUS X107 x 1077707 8
R

3

! (30)
where §&=0.06 7;”’ (1-0.067 T,)

With our values we get

-1

q ~30.05/T%~3
an/pxq:_ Y4.6x10 X 10

—— Sec”’ (am/c"")
B l1-4x 07 +0. 2 H*

(31)
This expression is an approximation to the exact rate
which is
. ,w .
fope3 - -t ~E/KT
P/‘ox«=l-7x/0'7' llsac,'(gm/cm'z) j:dE Ee £/ o(E)
(32)
In order to test the accuracy of the nonresonant

approximation, we have carried out a hand integration at

T9= 1. The cross section was taken to be of the single
. ,
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Q"\l
*Some astrophysical arguments seem to favor the value 6. =1
Since P is proportional to &f',.its value, and the value of q16
defined later, would simply be increased by 10. However, we still

find it safer to use the present lower value.

= s A e
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level Breit-Wigner form

o (E)~(aT+1) A" () [y
(E+0.041)*+T*/4

with
C(E) = 3.7« ,Oge-zo.ss/é'/‘-o.n‘ze
We find that both methods are in agreement and give
P/P"“ «33x/0™% | at T;= 1. This is within
a factor two of Salpeter (1957). Our rate is still un-
certain by a factor of twenty. |

For the broad level at 9.58, much better accuracy is
possible because the factor % can be determined from the
known value at resonance ’Q= 0.65 Mev (Segel, Olness
and Sprenkel 1961; Miller, Phillips, Harris, Beckner 1962).
For the radiation width, we usée the measured value [ =
6 x 103 ev within a factor of about two (Bloom, Toppel,
and Wilkinson 1957). The nonresonant rate is again ex-~
pressed by equation (30) with S' from table VI; the

resonant rate can be written as

- 122/ T,

= 4.3x10°x 10
Pr /ch( T;(/"

]

(33)
The 9.58 level does not contribute below T‘;% 10 but for

10 £ T < 20 it gives a rate which is comparable with the
7.12 level. The uncertainty in this range is probably

somewhat less than a factor ten.
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Above T =-30 resonant capture into the level at 9.84
tends to dominate the rate. The alpha width has been measurad
by Hill (1953), and the fadiation width by Meads and McIldowie
(1960). Since [y<[ and T\ = O.vOZ # 0,01 ev, the rate is

uncertain by less than a factor two either way. We get

R /Q:zd\ = 2.3 35/ %

iy (34)
The resultant rate is tabulated without screening as

p/?xé in table VII.
: 12 16 .

The energy production for C (¢.0)0 is related to p

by € = 5.76 x 1017 PXc-
. . 2z .
Because of the large uncertainty in & , there is need
/

for a measurement of the low energy cross section factor S
for the Clz(d,voole reaction®, The experiment of Allan and
Sarma (1955) is not very helpful in this respect; their

results imply only that §' < lO5 Mev-barns.
'¢) Reaction rate for olé (d\,x')Ne20

The situation is described in table VIII and Fig. 5.

+
A study of this reaction is now under way at the
Kellog Radiation Laboratory (J. D. Larson=private communi=

cation). :



H

We have incorporated in these the new data from the Chalk
River group (Kuehner, Gove, Litherland, Clark, and Almgvist
19vl1), The Q value and the various resonance energies are
known within about 10 Kev,
The 4,97 1evel.is a (2 -); hence not active for 016
(a,7) Ne20,
i 4 For the 3;64 Mev (3-).1evel, we have.;wo indeééndent
measurements:
(2£+1)_&ﬁ& = 0,003 ¥ 0,002 ev and

2 x/M =0.07+0,01

From these we get

R=ct4 x107%ev

l‘; x 4t3 x/70%ev

For the 5,80 Mev (1 -) level we have only one piece

RN of information

[',; /P < 0.006

The single particle limit for la is 16 ev; the actual [y has

been estimated to be about 10% of this vélue, oxr f;‘“ 2 ev,
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We adopt this value and from the experimental information
D,/!'( < ,006, we choose r;. = 0,01 ev., Both choices should

be valid within factors of 10 either way. The product

(24 + 1)

eTr . Coas
P should be about 0.03 ev again within factors

of 10, |
For the 6.75 Mev level the radiation width is not
known. On the basis of single particle estimates we take
[} = 0.1 ev. The alpha width is 19 Kev (Cameron 1953).
Calculation of nonresonant rates again involves a
knowledge of the S' factor belonging to the various resonances,
and for that a knowledge of the factor 2 . The values of
these quantities are given in table VIII., The levels at
6.75 and 5.80 are seen to be the most important contributors,
Higher levels would make negligible small additions which
would still be within the experimental uncertainties.
The nonresonant rate is given by

wafs ~35.6/T3"

p/pxq =15x /0'05"7& e seC"(gm/cma)-l

(35)
In the range.lcx§2, the S' factors are roughly constant;

their average values are given in table VIII, We get

e, SR ’ ‘SI% 0.2 Mev barns and
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Plexs =45 x10" T PSS /%) aee (g feui®)
both within factors of 10. This rate is 4.5 times as e
large as the estimafefof'the nonresonant rate made by
Salpeter; mainly because we know more about the properties
N

of the levels.

The resonant rate is given by

- S04 Er/T; _72-

P/@"Q) = 2.1510"(%9 T T‘,/F)[lo g

(37)
The resonance at 5.64 dominates the rate for 2<g<8:

in this region we know the rate within a factor 2.%*

From T = 8 to T = 20, the.5.64 and 5.8 rates are
roughly similar (uncertainty of about a factor ten).

Above T = 20 we include contributions from the 6.75
and higher levels. A statistical study has been made which
yields the numbers given. The accuracy'éhould be better

than a factor of ten.

*Edison and Bent (1962) find evidence for a somewhat
larger vaiue of f/p for the 5.64 leval; they cobtain
ﬁ/% = 0.3 ¥ 0.2. This result does not affect our rate
which depends only on the value of (2.4 + 1yq e -
' ™




The resultant rate is tabulated as p/ex* in table IX

without screening.

The energy production is

€ =Z.¢S’X/0'7pxoﬂ/‘ / —re
. i (38)
We will now uescribe the results of a detailed study

of the four reactions CC’?(d.n)O'f /V"'\(d\.\)) F‘f

M )0 samek (¥ F T made
by Thibaudeau (1962). In each of these reactions the
compound nucleus possesses a large number of excited states
in the region of energy which falls within the Gamow peak
at the temperatures of interest. The situation is illus-
trated in Figures 6, 7 and 8. Under such conditions the
total thermonuclear reaction rate is correctly obtained
by summing up the resonant and nonresonant iates from
each level near or within the Gamow peak; For each of the
four reactions the unscreened rate can_bé symbolically

written as

Y

-P/P.x* =2.2 110" Z(wh TW-(-) lo—so.»r.:,/u
‘ = Z It

tLS __._"; :'o x10” T"% Nonr /(E.:. ~Ec) STy,
T | (39)

where T' is the modified temperature as defined by Reeves
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and Salpeter and C = 30,25, 33.71 and 33.88 for 3 i , N4 +q

and N5 + « respectively,

, 16
d) Rate of the reaction cl3(a,n) O

The positions, widths and spins of the levels occur-
ing in the sums of equation (39) (see Fig. 9) were obtained
from Ajzenberg and Lauritzen (196l1); the most recent meas=
urements of Fossan, Walter, Wilson and Barschall (1961)
have brought only minor changes to these values and were
used whenever their results were not even more uncertain
than those of Ajzenberg and Lauritzen.

The [ are provided by an experimental study of
Walton, Clement and Boreli (1957). These authors have
determined the ratio m/f; for a dozen levels:; the value
of [ is obtained by setting M=lA+la. Furthermore they
have calculated the 6:' by using a radius of R‘= 5.7 fe,
The values obtained range between 0.1 and 0.004 and are
known to better than a factor 2 except those which are
known to only an order of magnitude. Two sets of the
9.3 have been considered corresponding to twb possible
£ these levels is not
known; we have reproduced only one set, For all the

other levels we take 0a = 0.02 within a factor ©.



In cases where the spin and parity of the levels are
unknown, it is necessary to setl:a = 1, The only important
ca;e occurs for a level at an excitation of 6.869 Mev,

We have taken £ = 1 and ::: 1 corresponding to Jm= %+,
Therefore the contriiﬁtion from this level can hardly
increase more than a factor 10, and if it decreases. by
more than a factor 10, the contribution frop the other
levels will predominate., 1In this way we minimize the
uncertainty in the rate of this reaction for femperatures
3 < T;< 5.

We have assumed that rn »E in all cases and set

@ Pn=uuﬂ
r

unless some evidence indicated the contrary.

For the nonresonant contribution however it is
necessary to know Pn. If the value is unknown we choose
th =1 Kev, which is just a little less. than the small-
est measured width; the results are not especially
s nsitive to this choice. Only the levels at 6,37 and
7.28 make an appreciable nonresonant contribution.

In this way we find that only one or a few of the
large number of levels occuring in the sum of equation
3 provide the principal contribution to the rate at any
temperature and deterr : l1so the uncertainty in the

rate. We will refer to these . "hey levels," : The
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parameters for these key levels are given in table X.
The rate (unscreened) of the reaction C3 (et,n ) o8 is
given in table XI with the source of the principal

. ‘. .
contribution.

The rate of production of energy is

»6 '\/.6 x /0 '7/:)(-_ (ergs /9m-5eo)
‘ (40)

where X, is the relative concentration by mass of cl3,

e) Rate of the reaction N14 +

The parameters of the levels in F18

in the region
of excitation in which we are interested (see fig.7 )

are even less well known than for 017, Furthexrmore,

there are two possible reactions: Nl4 (o, 7 ) F18 and
14 17 . .

N . (a,P ) 0°'; the latter dominates for temperatures

'I‘8 e 20,

Values of [y were taken from the measurements of
Herring (i958), Silverstein, Salisbury, Hardie and
Oppliger (1961) and Brown (1962). However, while Herring
as well as Silverstein et, al. use a radius of 4.8 fermi
to detefmine Gﬁi Brown takes R = 5.6 fe which is probably
more reaéonable. We have recalculated all the 6: with

R = 5.6 fermis (and restored to it a factor 2/3 which
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*Note

The nonresonant rate has been recently reconsidered
by Caughlan (private communication), She has obtained an
estimate of the S value by an analysis of the background
(off-resonance) experimental values. She obtains:
6
s =10 ElO.G - 9.15 E(Mevﬂ Mev barns
from there we obtain:
1 ‘/ =1 1.2n0y= 30.28 _ o ogr
o9 P/pXec = 6.2 + log(10.6 - 1.27Tg?%) T8'/3 - 0.08Tg

Her reults are used in Table XI.
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Brown droppea in his definition of 6:5. The values thus
obtained fall between 0,013 and 0.32, and for all the
other levels we choose G4 = 0,06 within a factor 5 and
R = 5,6 fermis.

In order to 'com'plete the calculation of Iy, when
the spin J of the level is known, we have assumed that
the total cont\ribution to the reaction was due to alpha
particles with the smallest orbital momentum compatible
with the data. When J is unknown, we have assumed that
it can vary from O to 4 and L from 0 to 3, and we have
taken for the value of wlg the geometrical mean of the
values obtained by making 2 = 0 and & = 3 with an un-
certainty equal to the ratio between the mean value and
the extreme value,

The value of [", is known only for four levels (Price
1955, Phillips 1958). These values go to 6 ev. Because
of the large number of levels below those in which we are
interested, we believe that an El transition will be possible
in every case, We choose in every case l%,: 3 ev within a
factor 3.

The nonresonant contribution predominates for Ty < 0.5.

: 14 ‘
For the reaction N (a,p ) ol7 we know only two values
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of rl" (Brown 1962) and the corresponding sz calculated by
taking R = 5.0 fermis; these are Op = 0.014 and 0,044
respectively. On the other hand Lane (1960) gives in Fl7

the values of §, for four levels, 0.01<4 < 0.16,

 J

-

Therefore, we take 9; = 0,04 to within a factor 4 and'we
calculate Q byvthe method indicated previously for Q,;
When " is known, I3 6/ cannot exceedTI.;1 and this is taken
account of in the® evaluation. The nonresonant contribution
to ﬁ14(a,P )017‘i8 negligible., It is removed from the
Gamow peak at low températures by conservation of energy,
and furthermore the gmission of protons is hindered'by the
Coulomb barrier.

Again we find that only certain key levels are
important in determining the rate at each temperature
with its uncertainty. The parameters for these key levels,
are given in tab;e XII and the total ;ate for Nl4‘+- a
(unscreened) is given in table XIII.

If one designates by X, the relative concentration
by mass of N14, the rate of production of energy is

Ee4a x/0'7pxn (er3sl/gm-sec.?

\

for T<20(N14 + a—> Fi8 +'}.->018 + et +%2:; 6.08 Mev per



reaction). For T > 20, the reaction is endothermic:

(N" & 0'"+p) dominates.

C=-32x /0”"0)(.-. (eras /gm-suﬂ

f) Rate of the reaction le(a,g) Fl-9

The positions of the levels have been taken from
general references (Ajzenberg~Selove and Laﬁritzen 1961);
(Way et, al. lgél), exc;pt for several mosétrecent corrections
which come from measurements made by Silbert and Jarmie
(1961). (See fig. 8)

The experiments of Smotrich, Jones, McDermott and

Benenson (1961) on the elastic scattering of alpha particles

15 '
by N have determined the widths of several levels to a

© precision around 10%. The values of Qf which they obtain

range between 0.005 and 0.4. We take for the other levels
6 = 0.05 within a factor 8.

We treat the problem of unknown spins and orbital

momenta as for the reaction Nl4(a,7 ) 8.

Price (1957) has established the value of wl} for

three levels., The correspondingl} are compressed between

~hAanen f —_ A A 4+
CaLlsce g = a v

~ Al aae
LAMT WL

2 ev and 7 ev; we 1ex

£
v v; e -I.A

L P R
o LEVELS,

In table XIV we give parameters for the key levels

in F19; the resulting rate is given in table XV,

Reeves and Salpeter indicate the same rate for



N14(d,‘)’) Flsb..'and le(a, ) F19: our rate for le(a,'y ) Flo
deviates rarely more than a factor 10.

"If one designates by X, the relative concentration
by mass of le, the rate of production of energj? is

(Q = 4,01 Mev).

&= 26x /OnPXn (erc]s/gm -seo)

Finally we give as -.one main. - resul"‘t of our work,
graphs (see figure 9,) of certain ratios which occur
in equations determining the rate of formation.of the
isotopes Clz, 0]'6 and Ne20 in the Helium thermonuclear

reactions., The ratios plotted are defined by:

/09 g,.,.,.p? 103 p/PXq (Pov' C’a(&,g)O" - /og P/@Xu"a (va- 3«("’C“’)

/og gu,vp = /og P/@Xq for 0"(«,})N¢”—/og Io/(gxq)" (for Sa — C“’)




II.

III.

Iv,

VI.
VII.
VIII.

IX.

XI.

XIT.

XIII.

XIV,
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TABLES

Nuclear level parameters for the reaction

a+Be =%+

Ratio of the nonresonant rate to the resonant rate

for a+Be¥~»C'*+y

Values of log ’pa_/(px.,)‘ for 3u—cC"™

Estimated corrections to log p due to electron screen-

ing at various densities for xg %1

Values of n (the energy production exponent) with
corrections for electron screening included.

1
Nuclear data for levels in 0 6.

16
Values of log p/ex“ for cl2 (a,7 ) O

Nuclear data for levels in Nezo.

Values of log p/pxg for ol® (a4, T ) Nezo.

Parameters ?;*key levels in O 7 for the reaction
cld ra—o0 - 0 +n

13

Values of the rate of the reaction C (a,n ) 016.

P%rameters of key leygls in Flglfor the reactions
N4(a'pr) F18 ana N (“,P)07‘

Values of the rate of the reaction N14 +4a.
Parameters of key levels in F19 for the reaction
M5 +a- P21y,

15

Values of the rate of the reaction N (a,7) o,

\
\
i

\

e m—— e vy <3 e——
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TABLE II -~ Nonresonant Rate for 3ol => c12f

Level . 7,65 : o 9.63
2 (Mev) 3.9 x 10°. S 1.1 x 103
S*' (Mev ' 4 . -6
barns) 2.4 x 10 ' 8.0 x 10
(B’ - 0.28)2 | (Ef, - 2.26)°
[ = OUT TS El=0urTYs
. | " |
£, . o /,
Gur/ @, |8 x 107-270% 10(14-16/7-22.05/T=0) " 1053517 101134 2208
-8)

where §2 0.0227/> (1 - 0,21 T/3)




TABLE III

]

o 12
Values of p‘,_‘/(ex,,l)2 for 3a—> C

T log py /(@ %¢)°

~N O
o O

- g‘; f;} 7.65 Nonresonant (uncertainty ~4)

-28.29] |
-25.13
-22,22
-20,17
-18,.65
-17.50
-16,.58
-13,96 >
-12,76
~12.11
~-11,71
-11,30
10 . =11,12
20 -11,07
30 -11.29/ 7.65 and 9.63 Resonant (uncertainty
40 ~11,50 ~ 10)
50 -11,50

.
oDV O®
wn

7.65 Resonant (uncertainty ~ 2)

oM dDWNHHFEFFHFHFOOO
°
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TABLE VII

Rate for C12 (e, ) 016

log P/fJXn

T Type

1.0 -20.52)

1.2 ~-18.88

1.4 -17.61

1.6 ~16.54

1.8 ~15,65

2,0 ~-14,.88 o

2.5 ~13.36 7.12 NR uncertainty ~ 20

3 ~-12,21 .

4 -10.56

5 - 9.42

6 - 8.53

8 - 7,27

10 - 6.40) A .

15 - 4,81 - 7.12 and 9,58 uncertainty ~5
20 - 3.73 -

30 - 2,03

40 - 1,27 } 9.58 and 9.84 uncertainty ~2
50 - 0.76 J -
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TABLE IX

16 20

Rate for 0"° (a,y) Ne

log p/pxq , Type

OO wNN M
L ]
eNoNeNoRYNoNS Mo

O

20

[ 5.81 and 6.75
nonresonant
\ uncertainty ~ 10

{5.64 resonant
[ uncertainty ~2

( 5.64 and 5.81

resonant

. { uncertainty ~10

[ 6,75 and higher levels
resonant

[ uncertainty <10

| I N A |
ey
" 3wWwo
e & & o
® b
o O W
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Values

TABLE XI

of the rate of the reaction

cl3 K. N) 016

log p/oxs Contribution

L[]
O oo

oo dbWNDHKEEFEEFOO

-18.8Y

-10.7 ‘ Nonresonant Uncertainty ~ 3
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TABLE XIII
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14

+ o

Values of the Reaction Rate

T log p/‘:xc,k Contribution
108 °x ]
0.2 -45,00 [Nonresonant
0.3 -38.00 E*: 4,355
0.4 ~33.50 (Uncertaintyzs 20
0.5 -29.10) [Resonant
0.6 -25,05 E*: 4,651
0.8 ~20.05 ¢ {Uncertaintyar 25
1.0 -17,10
lol -16.00‘
1.2 ~15,07 é . , '
1.5 '12’84f Resonant: 4.,65), 4.741, 4',844_'
2 ~10.28 {Uncertainty = 20
3 - 6,91) :
4 - 4,92
5 - 3.62{ Resonant: 4.741, 4,844, 4.964,
6 - 2,66 5.295
8 - 1.43 \Uncertainty==10
10 ~ 0.47 )
r
20 , 2,40 Nl4(¢, P) 017 - many levels,
Zg 2‘22 > especially 6.800
50 . 5,18, Uncertainty=r2

.

A
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Values
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TABLE XV

1
N5(q,9) FO
of the rate of the reaction

T log p/oxq4 Contribution
0.2 ~44,35)
0.3 -37.92 Nonresonant
0.4 ~33.47 p E*: 4,036
0.5 -30.33 Uncertainty=s 200
0.6 -27.92
0.8 . ~23.82)
1.0 -~19,26
1.1 -17.55 F Resonant
1.2 -16.13 E*: 4,385
1,5 ~13.,00 Uncertaintyxss50
2 - 9.82J
3 - 6,17
4 -~ 3,85 Resonant
5 - 2,30 4,385, 4,563, 4,760
6 - 1,18 Uncertaintyzs 25
8 0.34) ’ -
10 l'. 32‘
20 A 3.78 . Resonant: numerous levels
30 -4.81 } 50102, 5.339, 5.481
40 5.38 Uncertainty x5
50 5.75)

)

£
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FIGURE CAPTIONS

Fig. 1. Graphical display of energy relations for
3¢ = C!? (not drawn to scale).

Fig. 2. @ Range of excitation in C'? at various tempera-
tures for « + Be® =~ C(C'? + y.

Fig. 3. Mean life in sec. of an He* nucleus and rate
of energy production for 3a - C'? at vari-
ous a particle densities in gm/cm®.

Fig. 4.  Range of excitation in 0'® at various tempera-
tures for C!?(a,y)0!®.

Fig. 5. Range of excitation in Ne®° at various tempera-
tures for 0'®(a,y)Ne?°.

. ) : .
. Fig. 6. Range of excitation in 0'7 at various tempera-
tures for Qla(a,n)ole.

Fig. 7. Range of excitation in F!'® at various tempera-
tures for N!'* + a.

Fig. 8. Range of excitation in F'® at various tempera-
tures for N!®(a,y)F®.

Fig. 9. Values of log qp for!,gka(a/n)ore o Cla(a v)ore,
and O“(a y)Ne°°
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10. 36(4 +)
T,in _I08°K
A
100+ .
9,84 (2+)
A
9.58(1 =),
9.5 4+ . ' : |
| A
N <150
| <40
9.0~
8083(2‘) A
' . <30
v
8.5 ¢ <20
v A
. . v
80+. . <10
v 4o
| ,¢i5
7.5 : : 4_1\2' '
<-$I
4 702 (1) C- +.a
0T ¢92(2+)
To Ol6
ground
state
6.5 l -



Excitation in Ne (Mev)

6.75 (O+)

 5.88 (3+)

5.80 (1=

5.64 (3-)

i 4;97 (2-)
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